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A"bstract 

This  paper  presents  a  method  for  solving  the 
matching  equation  given  ty  Ghu  and  Jackson  ''Field  Theory 
of  Traveling  Wave  T-abes",  (Proc.  I.R.E.  ,  Vol.  36,  July, 
19^,  p.  853)*   'J^^e  solution  of  this  equation  gives  modes 
of  the  helix  v/ith  the  electron  beam  and  thus  determines  the 
amplification  factor.   The  essential  idea  is  to  consider 
the  modes  as  a  perturbation  of  the  modes  produced  by  the 
cold  helix.   The  dependence  of  the  amplification  factor  on 
the  paraiaeters  of  the  tube  can  be  explicitly  detenuined. 
One  surprising  result  is  that  the  tube  will  not  amplify 
for  too  large  values  of  the  2.C.  electron  beam. 
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Introduction 

In  a  recent  paper,  Chu  and  Jackson  have  investigated  the 
modes  of  an  idealized  traveling  wave  tute.  They  shov/  that  the  propa- 
gation constant  V  associated  with  the  nth  mode  satisfies  a  conrolicated 

*-  n 

transcendental  equation.  By  making  some  rough  approximations,  the  eqoa^ 
ticn  reduces  to  a  cubic  whose  solutions  can  "be  foiind.  However,  their 
method  is  subject  to  the  criticism  that  in  order  to  perform  the  reduc- 
tion, all  the  parameters  of  the  problem  must  be  fixed.  This  raeans  that 
when  any  of  the  parameters  is  changed,  the  whole  procedure  for  solving 
the  equation  mast  be  repeated.   As  a  result,  the  effect  upon  the  propa- 
gation constants  of  a  change  in  parameters  can  not  be  determined. 

In  this  report  a  simpler  and  more  exact  method  is  presented 
for  solving-  the  transcendental  equation  given  by  Chu  and  Jackson.   The 
method  yields  explicitly  the  manner  in  which  the  propagation  constants 
depend  on  the  parameters  so  that  the  effect  of  a  change  of  parameters 
can  be  readily  calculated.   In  partic-olar  the  maximum  pjnplif  ication  pnd 

the  band  v;idth  of  the  tube  may  be  found. 

The  theory  and  method  presented  here  have  been  applied  to  some 
esses  of  the  traveling  wave  tube.  It  has  been  difficiilt  to  compare  the 
theoretical  recialts  \n.th   the  experimental  ones  because  the  radius  of  the 
electron  beam  is  very  difficult  to  measure.   It  is  hoped  that  this  diffi- 
culty may  be  overcome  so  that  an  adequate  comparison  with  experiment 
could  be  made. 

In  section  1,  v.'e  have  given  a  summary  of  that  iDart  of  the  paper 
of  Chu  and  Jackson  v/hicr.  yielos  the  basic  matching  equation. 

In  section  2,  the  basic  equation  is  reduced  to  a  cubic  eouation. 


The  coefficients  of  txie  cubic  equation  ore  explicitly  given  in  terms  of 
the  geometry  of  the  tube  ana  the  ratio  "TT^     of  ^^^^   electron  beam. 

(I  is  the  d.c.  current  and  V  is  the  voltr^.rie  of  the  electron  be?ja). 

1,  Chu  fjid  Jackson,  "Field  ihe:-ry  of  i'rpvelin^;  .;ave  Tubes",  rroc.I.R.E. 
^Vol.  36,  J-oly  igltS  p.  253). 
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In  section  3,  the  question  of  maxinrum  ftmplification  is  investi- 
gated.  A  method  for  finding  maximuia  amplification  is  given.   From  the 
theory  of  this  section,  graphs  are  given  for  maxlmma  anplification  in 
terms  of  the  ratio  ~TT^  •     Graphs  have  edso  been  constructed  for  the 

quantity  d  in  terms  of  -  >   ,  where  d  is  the  difference  'between  the 


V- 

wave  number  for  the  electron  beam  ajid  the  wave  number  of  the  "cold"  helix. 

In  section  U,  an  invest i^iation  is  made  of  the  case  vhere  aJ^:  is 
large.   As^onptotic  fonnalas  for  the  Bessel  functions  are  used  and  the 
cubic  equation  of  section  2  is  reduced  to  a  simpler  cubic.   The  amplifica- 
tion of  the  v;ave,  in  this  case,  can  be  explicitly  written  dovm  in  terns 
of  the  parameters  of  the  tube.  Also  it  is  shown  that  the  tube  will  not 
amplify  for  too  large  values  of  the  d. c.  current, 

1.  Summary  of  the  principal  result  of  Chu  and  Jackson. 

In  the  paper  by  Chu  and  Jackson  the  actual  helix  is  replaced  by 
a  lossless  helical  sheath  of  radius  a  and  en  infinitesmal  thickness.   The 
c\irrent  flow  along  the  sheath  is  constrained  to  move  in  a  direction  v/hich 
makes  a  constpnt  angle  90  -  ©  with  the  axis  of  the  helix.   The  force 
acting  on  the  electrons  is  restricted  to  that  associated  with  the  longi- 
tudinal electric  field  only;   and  the  electrons  are  assumed  to  have  no 
initial  transverse  motion.   It  is  also  assumed  that  the  electrons  are 
confined  v/ithin  a  cylinder  of  radius  b  concentric  v;ith  the  helical  sheath. 
The  time-average  beam  current  density  is  assumed  constant  over  the  cross 
section. 

Chu  and  Jackson  tackle  the  problem  as  a  boundary  value  problem. 
Three  regions  are  defined:   the  region  outside  the  cylinder,  the  region 
between  the  cylinder  and  the  stream  of  electrons  and  finally  the  region 
occupied  by  the  electrons,  that  is,  i-  <  b.  Field  components  for  E  and  H 
are  deduced  from  MaxvTell's  Equations  and  the  fields  are  matched  on  the 
tv/o  boundaries.   If  the  fields  are  assumed  to  be  circtilarlii'  symmetric 
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iO  t  -  Vz 

and  vary  with  e         ,  the  transcendental  equation  for  the  propa^- 

tion  constant  V  is  found  to  "be 

(1.1) 
1  ^A 


pa  p  I  (y\  h)     pa 


I^(ph)-K^(ph)(- 


(— )  cot^GI,  (T5a)K  fpa)-I  (pa)K  (ua)^ 
pa       1  ' 1 o 0 

K^(pa) 


(^)  cot^9I.(pa)K.(pa)-I  (pa)K  (pa) 

I  (ph)-HK  (pTD)lES 1 J: °- 2 

L°      °         ^  K^pa) 


where  I    (x),    I,(x),K   (x)   and  K,  (x)   are  modified  Beasel   functions:      and 


where 
(1.2) 

(1.3) 
(l.U) 

(1.5) 


'      •  Ac 

p     =     -(  t      +  k    ) 


yi2  _       2 
^    -    p 


1  + 


TTh^   £  V^Ci  -^      -  V)^ 
o        V 

o 


—  =   ratio  of  charge   of  electron   to  mass 
m 


(1.6) 
(1.7) 


V  =  average  value  of  the  electron  team  velocity, 

0 


I  =  d.c.  beam  current 
In  order  to  disc^j.S8  the  hehavior  of  the  tube.  So.  (1.1 )  must  he 
solved  for  p  ,  A  real  root  of  this  equation  corresponds  to  a  progressive 
wave  v:hile  a  complex  root  v/ith  a  positive  imaginary  part  indicates  that 
the  correspondinf?  wave  will  he  amplified.   Chu  and  Jackson  indicate  a 
method  for  its  solution.   They  plot  tJie  right  hand  side  of  Eq.  (l.l)  for  a 
•narticular  choice  of  parameters.   Its  graph  suggests  that  it  can  he  re- 
placed by  the  function 

(1.8) 

The  left  hand  side  of  3q.  (1.1)  is  expanded  into  a  pov;er  series 

in  ^  and  the  first  term 
P 

(1.9) 


R.H.S.  =  ika  C  -    "  P'.,   . 

P  -  P 


L.H.S.  =  i  ^  ^  I 


*  See  Chu  and  Jackson  "Field  Theory  of  Traveling  Wave  Tubes"  Proc.I.R.E. 
Vo.  36,  July  I9US.  pp. 853-263  ,  Equations  (20), (25). 
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only  is  retained.   Using  Eqs.  (l.U),(l.g)  and  (I.9)  there  results  the 
equation 


(1.10) 


^   1* 
a 


m 

TTb^Cv3(i  JO  _  ys2 

0    V 
0 


'   ^  <V^^  • 


Y-  i/3' 
The  equation  p  ^  _  i  ^j'  follows 


where  p=-  iV   ,   p«  =  i(3,  p"=  i/3 
from  So.  (l,3)aiid  the  observation  that  the  phase  velocities  of  the  waves 
are  much  less  than  that  of  light.   iq.(l.lO)  is  the  equation  derived  "by 
Chu  and  Jackson.   Its  derivation,  as  has  been  stated  in  the  introduction 
depends  on  fixing  all  the  parameters  of  the  equation (lI.") 

2.  Approxiiflete  Solution  of  the  Fij.ndainental  Equation. 

In  this  section  a  method  will  be  given  for  solving  Eq.  (l.l). 
Rewrite  Eq.  (l.i)in  the  form 


(^.1) 


where 


p  rrvbT 


ypb) 


K,  (pb) 


1  + 


1 

"TTFbT 
-riibT 


G(pa) 


I    (pa) 
(2.?.)  G(pa)  =     ^2^^ 


/ka  cos  Q\ 
pa 


2        I^(pa)       K^(pa) 
"T^TpaT       K   tpa) 


-  1 


In  the  absence  of  an  electron  beam  the  modes  are  given  by  the 


equation 
(2.3) 


G(pa)  =  0. 

The  crux  of   the  preseat  method  is   to  consider   the   roots    of 
Eq.    (2.1)   as  being   found  ty  means   01    a  perturbation  of  the   roots   of  Eq, 
(2.3)    . 

Let  p^a  be   the   single  root    of  Eq. /2.3I      Put 


P«^  ^  ^^      ,   pa  =  X     +  y 
00  0 


(2.U) 

where  y  is  ,'ssumed  to  be  small  compared  to  x 


The  ri^t  hand  side  of 


£^q 


.  (2.1)  may  be  written  as 
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(2.5)     R.H.S.   =  1  -     '•      ^  (p^^ 


K^(pt)   I    (pU)  +  K  (pt)   I^(pb) 
^^^^^  ^ l/pl^)   I^(pl)) 


1*       I°(pb)       ^(P^^ 


Q(pa) 


pb  I/pt)  I    (pt) 
=  1  _     ^  ° 


K  Cut) 
o 


where  use  has   oeen  made   of  the  Wronskian  relationship 
(2.6)  Ki(pt}   I^(pt)  -^  K^(pb)  I^(pt)  =     -^       . 


pt 
If  nou  G(pa)    is  expr.nded  in  a  Taylor's   series  about  x   ,    there 


results 


(2.7)  G(pa)  =  G(x     +  y)  =  G(x   )  +  y  G«(x   )  f   . 

o  o  o 


y  &•   (xq)  +  ... 


=  y  G'(x    ),   approximately. 


o 


Beplacing  G(pa)   in  Eo.    (2.5)  "by  its  value,    it  is  found  that 


y  G«(x   ) 
(2.8) 


-   X    I     (-   X     )     I,  (-   X     ) 

T,^_i             aooao        lac 
A.H.b.   -  1  -      


(-  X    ) 


1  +         0  a     o         ^.(^   ) 
I    (^x    ) 
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?or   the   left   hand  side  of   the   fundamental   equation  we  proceed 

I    (rx) 
as   follov/s.      Expand  the   function         1  in  a  Taylor's   series   in  r 

about   r  =   1.      We   find  that 


I    (rx)         I   (x) 

0  0 


I'(x)   I   (x)  -  I    (x)   I'(x) 

10  1  0 


lf(x) 
0 


I,  U) 


I    (x) 

0 


+   (r-l)x 


\  V 


(x)  . 


7     I'(x)   I    (x) 

X  0  0 


lf(x) 


Fron  j:.q.    (2.9)   it   follows   that 


I^(rx)       I^(x) 

=   1  +  (r-l)x 

I^(x)     _ 
Il(x) 

I^(x) 
lo(^) 

1 

I^(rx)        I^(x) 

X 

If  \/e   let 

P 

the  left  h^.nd  side   of  the  fundainentel   equation  is 


L.H.S.    =     A    +   (H-  1)  H 
P  P  P 


I^(ph) 


1 
pb 


pb 


p 


(^- 1)^ 

p       p 


I    (^x    ) 
0  a     o 

I,(^x    ) 
la  0 


i  a     0 


I     (^   X     )  ^   X 

0   a     0  a     0 


—  X 

a     0 


(^    -1)^     S   . 

P  P 


v;here 
(2.11)      h  = 


I    (^x   ) 
0  a     0 

i  a     0 


la     0 

I    (^x    ) 
0   a     0 


b 
—  X 

a     0 


b 

—     X 
a       o 
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Assuming     A    =1,    the  Eq.    (2,11)  'becomes 


(2.12)  L.H.S.    =     ^    +   (^    -  1)     S   . 

Equatinj^-  j5q_.  (2,3)  and  Eq.  (2.12)  the  "basic  equation  is  replaced  ty 

y  G'(x^) 


(2.13)      a  +  (^  - 1) ^  =  1  -  ^  "  ";  °    ^  ^  ° 

P  P  K   (^  X   ) 

1   +       °f     ^        G'(x   )y 

I    (-  X   )  ° 

o  a     o 


or 


y  G'(x^) 

0 


T3         ,    /"b        X   ,   /b 


^x     I    (^x   )  I.(^x   ) 
(2.11+)        (^    -  l)(l  *6)  =  -     a     0     0  a     0       1  _a_^ 
P                                                   K  (^  X   ) 

1  +       °  ^     °  G.(x   ) 

I    (-  X   )  ° 

0  a     0 


Ve  loiov;,    however,    that 


?  ®    T 


At    =1* 


2  TTb^^v  5(i  ii^  -r)^ 


0  V 

0 


But   the  phase  velocities   of  the  beajn  are  ijuch  less    than  that   of  liglit, 
thus   (see  Sq.    (1,3)) 

(2,15)  ^=15      . 


-s- 


Hence  Eq.  (l.U)  ir 


2  ^I 

n;  =1 ^ 


0  ^O 


l_i 

(2.J.6)    =  1  -  — 72 


where 


(2.1S) 


a        o 


^  I 

1  -      -5 . 


TT   ^£v3  (d   y)2 

a 


(2.17)      d^  =  "t'-'o 


Hence  e_ 

a  =  1  -  " 


a 


=  1-  i ^  .      1_ 

1/2  2   v^/^     (d  -  y)2 

a 


=  1-    ^ 


v2/  2   ,^    .2 
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where 


W  = 


m      I    ^  1 I 

a 


_2 

^2 


since  I/2  m  v   =  eV  .   Combining  Sqs.  (2. IS),  (2.lU)  and  (?.S),  we  ^et 
0 


(?.?o)     y(y-<i^)   -  ^(  1  f^y) 


wnere 


(2.21)    ^ 


X  I  (^  X  )  I,(-  X  )(1  +^)  W 
0  0  a  0   la   0 

2  ^  G«(x  ) 
a     o 


K  (^  X  ) 


(2.2?)    <  =      °  ^   °    G'  (x  ) 


I  (^   X  ) 

0  a   o 

Emoation  (2.20)  is  the  desired  cutic  eo^uation,  ^  and  ^  are  known 

Quantities  depending:  on  the  geometry  of  the  tube,  and  the  voltage  and 

current  of  the  electron  1368111.   In  the  case  v/here  the  electron  'beara  travels 

at  such  a  speed  that  it  is  in  exact  step  with  the  \/ave  traveling  along  the 

helix,  we  have  dp,  =  0.   Thus  d  ma^A  be  considered  a  measure  of  how  far 

from  resonance  the  tube  is. 

The  cubic  equation  (2.20)  has  real  coefficients.   It  has  three 
real  roots,  or  one  real  root  and  a  pair  of  complex  roots.   The  case  of 

three  real  roots  (Vpure  imae:inPTy)  corresponds  to  modes  which  are  neither 

attenuated  nor  arrrplified.   In  the  other  case,  however,  the  pair  of  complex 

conjugate  roots  give  rise  on  the  one  iiand  to  an  attenuated  v;ave,  on  the 
other  hand  to  an  aaplified  wave.   The  amoTint  of  attenuation  and  amplifica- 
tion depends  on  the  ima;:inii.ry  rsart  of  the  complex  roots  of  Eq.  (2.20),   We 
shall  investi£,ate  this  question  in  the  next  section. 
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3.   Mgoclmun  Araplification   of  the  Tu"be. 

The  question  of  v/hat  values   of  the  parameters  give  maxijouin 
amplification  v;ill   now  "be  taken  up.      It  vd.ll  "be   shovm   that  maximum  ampli- 
fication occurs  for  a  value  of  d     >  0  so   that   the  velocity  of  the   electron 

0 

■beam  should  te   slightly  less  than  that  of  the  wave  doim  the  tuTje.   But 

the  maximum  is  so  "oiOE.d  that  d  =  0  will  give  amplification  close  enough 
to  maximum, 

\'le   start  \;ith  our  "basic  equation 

(3.1)  yCy-d^)^   -  '^(i  +  ^y)  =  0 

fljii  pose  the  pro'blem  of   deteniiinini^  the  value  of  d     viiich  will  give  maxi- 
mum amplification. 
Let 

(3.2)  y=  ^  y/^    .   T=d^/^^/3  ^    ^=^^1/3 

then.  Eq.    (3.I)  hecomes 

(3.3)  z(z-T)       -     (1  +Pz)     =  0, 

pjad  ue  ask  vrhat  v?lue   of  T  will  yield  the  maximum   imaginary  part   for  a 

complex  root   of  Eq.    (3.3)   . 

Let 
(3.U)  z  =  **i^. 

then,  since  all  coefficients  are  real,  the  imaginary  part  of  Sq,  (3.3)  "lay 
te  written  as 

(3.5)  /9^  =  3o«>^  -  >+'^'t"  t-X^    -  p   , 

Let   z     Ise  the   real   root   of  Eq.    (3.3) »   then 

z 

(3.6)  z^  *   2^=   2  T,       ^=     "^  -  f- 
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Differentiating  Eo.    (3.5)  v/ith  respect  to  f  yields 


(3.7)     -1^     =    ^<^|^    -^''■^    -^'^    *2'^    =    ° 


for  a  maximum,   or 
(3.«) 


do<.       _        2p<-T  T-^o 


dT  3<^-   2T  T-  Iz 

2     0 


But 


(3.9)  4S-    =1-    ^    ^      . 


'na 


(3.1c) 

3 

2 

z" 

0 

dz 
0 

dT 

so   that 

dT  2        dT 


dz  5  dz 


2 
/,  n  ■.          dz                2z     -   2Tz  ,    , 

V3.11J  0     _  0 o =  o(^      ^'^ 


0       _  0 O =    ?fl       "■  ^     ")    _  0 

^  "  3z^  -  uTz  -T^  .p  "  ' "  <iT )  =  -  ■:^zYr 

'^   0  o  '  2     0 


Ec.    (3.11)   reduces   to 


2  T  z^     =   2  T^  *   2  ^  . 


or 


(3.12)  ,^     =  T*  ^    . 

Using  the  value   of  z     given  lay  Eo.    (3. 12)    in  Eo.    (3.3)   gives  us 
an  eountion  \:hich  reduces   to 

(3.--^3)  T^  (1  *pT)  =   ^3    ^ 
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21q.  (3.13)  is  the  solution  to  our  problem.  A  graph  of  T  as  a  function 
of  ^is  given  in  figure  1. 

Now  use  Eq.  (3.I2)  in  Eo.  (3,5)  to  get 

Eq,  (3,lU)  provides  the  ina:cimuiu  imaginary  part  for  a  given  T, 

Finally,  in  terms  of  the  original  parameters,  Eq,  (3.I3) 
becomes 
0.15)  d3(i*t,d^)=  <,'f  . 

and  since  the  imaginary  pa:-t  of  y  is  ^  C^/j     ^   Eq.  (3.1^)  becomes 


0  0 

U.  Discussion  for  large  values  of  ka. 


Further  ditscussion  of  the  problem  is  possible  if  it  is  assumed 
that  ak  is  large,  say  about  3  or  greater.   The  Eq.  (1.1 )  again  reduces 
to  a  cubic  equation  but  since  the  Bessel  functions  may,  in  this  case, 
be  replaced  by  their  asymptotic  values,  the  coefficients  ^  and  ^  of 
Eq.  (2.20)  are  considerably  simplified. 

First,  v;e  note  that  Eq.  (2,3)  becomes 
(U.l)  (2|)^  tan^  9=  1, 

so  that 

(U.  ?)  X  =  ka  cot  9 

Assume  that  the  electron  beam  is  in  step  with  the  wave,  that  is 

6)0  (Ja 

(U,3)  d=0=  -X   =  -  ak  cot  0 

'-"  V      0      V 

0  0 

so  that 

ih.h)  v^  =  c  tan  0  . 


o 


-IV 


Zq.    (2,?0)   reduces   to 
(U.5) 


.3 


.^-^^.-5 


=   0 


where   for  the  sake    of   convenience   ue   shall   rewrite   ^  and   ^ 

,13        s   ,    ,"b 


(l+.b) 


(U.7) 


^  = 


X     I    (ix   )   I    (^x   )(1  ■^^)  W 
0     0  a     0       la     0 


2  -       G'Cx    ) 
a  0 


3  I   (I 


0   a     0 


(-X   ) 
0  a     0 


S'C^o)      . 


We  have 


v;hi?re 
(U.8) 

and 


W  = 


^v/T 


I        _      P        I 

1/2     ~  3/2        '"^'^ 


(U.9) 


(1.6)-     ^ 


X 

a       0 


0  a     0 
la     0 


i   a     0 

7(^x ) 

0   a     0 


If  use   is  made   of  the  asymptotic  fornrdlas 


(U.IO) 


i.U)    = 


V2rT? 


K. 


U)     ^^     e-^   .^=0.1. 


the  coefficients   s   ,^^    of  Kr.    (U.^)   reduce  to 


(U.U) 


(U.12)- 


5  =- 


5S  = 


(J)  X.      i 


Vo'    ^0        ^ 

I 

8   e        °  ^ 

v3/2      ' 

^       v3/2      ' 

-11+- 

Kence  Eo.    (U. ?)  "060  00166 

(U.I3)  Ay^  -  LA  y     +  L  =  0, 


where 


(U.lU)  L     =     (^) 


a.         H 


^  ;;372 


(U.I5)  A  =     ^     e       °   ^ 


X 

0 


Put 


(U.16)  y  =  (t)       ^  . 


then  Eq.    (U.I3)  1360011163 


1/3 

^A^ 


(U.I7)  u-^  -  B  u  +  1  =  0, 

v/here 

(1+.18)  B  =  A^/^  L^/^     =   (A^L) 

Eq.    (U,3.7)  will  have  imaginary  roots   if 
(U.I5)  B     <     1-       . 

The  quantity  E,   however,   contains   the   term    [        ■      ]    .      Thus 

if  all   other  quantities   are  kept   constant,   we   see   that  no  amplification 
occurs   if  the  abcwe  ratio    TaecOTies  too  large. 

Another  consequence   of  Eq.    (U.iy)    is   as   follows:      Suppose 
(U.PC)  B   «  1    , 


-15- 


This   implies  that  u  is   approximately  1.       A  "better  approximation  is 


(U.?l)  u  =  -Vl  +  B 


•p 

1  - 

3 

B 

1  - 

3 

But  if   the  real  root   of  3q.    (U.I7)   is  given  by  So.    (U-. ?l),    the  quadratic 
equation  yielding  the   imaginary  roots   is  given  "by 

(l+.?2)  u^  -  u(l  +  |)     +      (1  -  |)     =0, 


or 


B 


1  +f    tJ-3  +   2B 

(i+.?3)  u  =    ^ — j 

Hence   the   imaginary  part   is 


(i,.,u)        i^=  :  :zm.  =  t vLu.iB). 


An  exanple   of   the  use   of  results   of   this  section  will  be  given, 
ka  cot    9     = 

(U.lU),    (U.lbO  become 


Let     X     =  ka  cot    e     =   2.U;      -    =   .8,      I  =   25  ma,    V  =   25OO      .      Then  Sq. 

0  S- 


L  =   2.35  X  10~^      ,     A  =   2.1s   . 

L^^/^  -1  2.    ^3  .1 

ij)  =     I.O2U  X  10        ,      B  =    (A  L)  =      2.2  X  10        , 

and  p-  -j/3-25       =     ,80.      Hence  Eq.    (U.I6)  gives   for   the  imaginary  part   of 
the   root   01   Aa.    (U.I3) 

Im  y  =  .0820. 


-16- 


This  is  in  agreement  with  the  graph  in  figure  3  for  the  values 

b  (-)    T 

of  the  parameters   —  =  .8,  h  =  2,U  and  10   ■  ■  .   =  0.2.   Since  d  is 


-         '    '  •     ^   ,73/2 


V- 


0 


small,  the  amplification  could  be  commited  by  the  results  of  this  section 
rather  than  those  of  section  3. 

Referring  back  to  the  graphs  in  figures  2  and  3,  it  is  seen 
that  the  curves  for  maxiEnam  amplification  reach  a  maximum  for  h  =  2,0, 

—  =  ,8,  h  =  2,5,  —  ~   .6.  An  explanation  of  "this  is  afforded  by  the  work 

of  the  present  section. 

It  is  repdily  verified  that  if  -  is  fixed  and  if  0  <  -  <  1, 

a  a 

the  function  A  of  Eq.  (U.5)  has  a  minimum  for  x  =  r —  .   The  quan- 

tity  L  of  Eq,  (U«lU)  is  independent  of  x  .   Thus  it  is  -oossible  for.  the 

0 

roots  of  Eq.  (U.I3)  to  be  the  same  for  two  different  values  of  Xq.   In 
the  work  of  section  3»  ^l^e  quantity  h  is  close  to  Xq. 

This  remark  may  have  practical  value  for  experiment  since  it 
indicates  that  the  pitch  amgle  shoiild  be  so  chosen  that  ka  cot  6  ~  2,0 
for  £  =  ,S  and  ka  cot  0  =  2.5  for  -  =  ,b. 
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